Type Ia supernovae result when carbon-oxygen white dwarfs in binary systems accrete mass from companion stars, reach a critical mass and explode. The near uniformity of their light curves makes these supernovae good 'standard candles' for measuring cosmic expansion 1-4 , but a correction must be applied to account for the fact that the brighter ones have broader light curves 5 . One-dimensional modelling, with a certain choice of parameters, can reproduce this general trend in the width-luminosity relation [6] [7] [8] ; but the processes of ignition and detonation have recently been shown to be intrinsically asymmetric 9-13 , so parameterization must have its limits. Here we report multi-dimensional modelling of the explosion physics and radiative transfer, which reveals that the breaking of spherical symmetry is a critical factor in determining both the widthluminosity relation and the observed scatter about it. The deviation from spherical symmetry can also explain the finite polarization detected in the light from some supernovae 14 . The slope and normalization of the width-luminosity relation has a weak dependence on certain properties of the white dwarf progenitor, in particular the trace abundances of elements other than carbon and oxygen. Failing to correct for this effect could lead to systematic overestimates of up to 2 per cent in the distance to remote supernovae.
Type Ia supernovae result when carbon-oxygen white dwarfs in binary systems accrete mass from companion stars, reach a critical mass and explode. The near uniformity of their light curves makes these supernovae good 'standard candles' for measuring cosmic expansion [1] [2] [3] [4] , but a correction must be applied to account for the fact that the brighter ones have broader light curves 5 . One-dimensional modelling, with a certain choice of parameters, can reproduce this general trend in the width-luminosity relation [6] [7] [8] ; but the processes of ignition and detonation have recently been shown to be intrinsically asymmetric [9] [10] [11] [12] [13] , so parameterization must have its limits. Here we report multi-dimensional modelling of the explosion physics and radiative transfer, which reveals that the breaking of spherical symmetry is a critical factor in determining both the widthluminosity relation and the observed scatter about it. The deviation from spherical symmetry can also explain the finite polarization detected in the light from some supernovae 14 . The slope and normalization of the width-luminosity relation has a weak dependence on certain properties of the white dwarf progenitor, in particular the trace abundances of elements other than carbon and oxygen. Failing to correct for this effect could lead to systematic overestimates of up to 2 per cent in the distance to remote supernovae.
In the most established model for type Ia supernovae, a carbon fusion flame is ignited near the centre of the white dwarf and initially burns in a sub-sonic and turbulent deflagration, then transitions near the white dwarf surface to a supersonic detonation 15, 16 . The detonation is needed in order to match the observed energetics and nucleosynthesis 17 . The energetic stage of the explosion lasts only a second or so, but synthesizes radioactive 56 Ni that powers the subsequent light curve and determines its luminosity. In previous one-dimensional models, the 56 Ni yield depended on the choices of parameters representing the speed of the subsonic burning front and the density at which the front makes a transition to a detonation wave 18 . However, these parameters are actually a consequence of multidimensional instabilities not captured in one dimension, and so were not highly constrained by physics. Ignition in the one-dimensional models also occurred at the very centre of the star, and the transition to detonation happened simultaneously on a symmetric spherical shell. Both of these assumptions are now doubted.
The starting point of our simulations is a standard 1.4-solar-mass white dwarf composed of 50% carbon and 50% oxygen with a central density of 2.9 3 10 9 g cm 23 . The propagation of the burning is followed in two spatial dimensions using a level set to track the flame's location and a turbulent subgrid model adopted from the chemical combustion community to describe its motion 12 . The resulting debris are then post-processed using a multi-dimensional radiative transport code 19 to determine the emergent radiation. Model variations consist of how the white dwarf is ignited and the criteria for making the transition to detonation, both of which are based on insights from recent three-dimensional studies, as described below. Variations in the trace abundance of elements other than carbon/oxygen (the metallicity) of the progenitor star over a range from one-third to three times solar are also explored, to mimic the evolution in supernova environment that may have occurred over aeons of cosmic time.
Simulations show 9,20 that just before ignition the white dwarf undergoes a 'simmer phase' characterized by dipolar convection, with material flowing out of the centre in a directed plume then circulating back in through the opposite side. The hottest points in the flow, and therefore where ignition occurs, are found on one side of the star displaced slightly from the centre. As the simulations have been computed at much lower Reynolds number (,1,000) than the true star (,10 14 ), the real flow may be even less ordered, retaining a dipole flavour but contaminated by higher multipoles, making ignition a much more chaotic process. The geometry of ignition may also be influenced by the rotation rate of the star. In our models, we therefore varied the number of ignition points, their distance from the centre of the star, and the solid angle in which they were distributed.
The physics of a putative transition to detonation, though still uncertain, has also been elucidated in recent studies [21] [22] [23] . As the deflagration flame propagates into lower-density material, it thickens and slows to the point that turbulent eddies can mix hot 'fuel' and cold 'ash', causing the burning rate to become highly irregular and potentially explosive. Like ignition, detonation should be a stochastic process which occurs only for the most extreme and intermittent turbulent energies, and may occur many times in different places. We therefore varied the criterion (the critical Karlovitz number) for instituting a detonation (Supplementary Information). Figure 1 shows the final chemical structure (100 s after ignition) of the stellar debris for a sample of models. The inner regions of material, which were burned primarily in the turbulent, Rayleigh-Taylor unstable deflagration phase, consist of a patchy mixture of 56 Ni, intermediate-mass elements, and stable iron-group isotopes produced by electron capture (mostly 54 Fe and 58 Ni). The subsequent detonation produced a smoother distribution of intermediate-mass elements in the outer layers of the star. The synthetic model light curves, colours, and spectral time series agree very well with those of real events observed over the two months after explosion 24 (Fig. 2) , offering a strong validation of the model's predicted velocity structure and chemical stratification. On the other hand, it has been suggested that the mixing of electron-capture elements throughout the inner layers-a feature generic to all multi-dimensional deflagration calculations-may be inconsistent with spectral observations of some type Ia supernovae taken at late phases 25 .
The models predict a range of 56 Ni yields, from 0.3 to 1.1 solar masses, depending on the initial conditions. Perhaps counterintuitively, models with more robust ignition generally synthesize less 56 Ni. A strong ignition (that is, numerous, symmetrically distributed 'sparks') increases the amount of burning in the deflagration phase during which the star expands and the density declines. This reduces the 56 Ni produced in the subsequent detonation wave. A weak or asymmetrical ignition, on the other hand, gives little deflagration burning and minimal pre-expansion, so that the detonation synthesizes abundant 56 Ni. For similar reasons, the 56 Ni mass also depended on the detonation criteria, as noted in previous onedimensional calculations 18 .
Given the range in 56 Ni masses, the model peak luminosities vary by a factor of three, (0.7-2.1) 3 10 43 erg s 21 ; this spans the range of normal type Ia supernovae, though does not reproduce the more extreme and peculiar sub-and super-luminous events 26 . A substantial amount of the dispersion in luminosities of type Ia supernovae may therefore be the result of the stochastic and asymmetrical nature of the explosion itself, apart from any variations in the properties of the progenitor star. The r.m.s. dispersion in brightness depends on the wavelength band considered, being 45% in the blue, 27% in the red, and only 21% in the near-infrared (,1.25 mm wavelength). This reflects a self-regulating property of the radiative transfer-dimmer models are relatively cooler, and so radiate a greater percentage of their flux at longer wavelengths. The models thus confirm observational indications that type Ia supernovae are nearly standard (as opposed to merely standardizable) candles in the near-infrared 27 .
Without introducing any artificial tuning, the luminosity of the models correlates with the light-curve decline rate, giving a widthluminosity relation (WLR) similar to that observed (Fig. 3) . A correlation is also found between brightness and the colour measured at peak. The r.m.s. scatter in the model WLR alone is 24%, while using both decline rate and colour reduces the dispersion to 21%-similar to, but slightly greater than, the ,16% that is observed 28 . The larger diversity seen in the models suggests that additional important physics may constrain the ignition and detonation conditions to a range narrower than that considered here. As in observations, the calibration of the models can be improved by using additional information from the light curve. For example, including the shape of the light curve in several optical and near-infrared wavelength bands reduces the scatter to only 15%.
For a given mass of 56 Ni, the residual scatter in the model WLR reflects individual features of the supernova debris structure. The turbulent deflagration phase imprints density and chemical inhomogeneities, which lead to variations in the timescale for photons to diffuse out of the debris. In addition, the global asymmetry-due to asymmetric ignition conditions or off-centre detonation pointsgives rise to anisotropic emission, so that the brightness and duration of most models vary by 20-30%, depending of the angle from which they are viewed. Although the adoption of a two-dimensional geometry may exaggerate global asymmetries, spectropolarization observations reveal that type Ia supernovae typically possess asphericity near or just below the level predicted here 14 . Dimmer supernovae tend to be more polarized, an observation consistent with our finding that dimmer models are more asymmetric owing to relatively more burning in the turbulent deflagration phase.
There are both theoretical suggestions 29 and observational indications 30 that the metallicity of the white dwarf will affect the 56 Ni yield at the ,10% level. This is because the extra neutrons in trace elements such as 22 Ne lead to an increased synthesis of neutronized iron group elements ( 54 Fe and 58 Ni) at the expense of 56 Ni. To test the first-order effect of metallicity on the light curves, we varied the 56 Ni and metal abundances in the ejecta models according to predicted nucleosynthetic results. The resulting light curves (Fig. 4) show that both the peak luminosity and light-curve duration decline with metallicity, in a manner roughly consistent with the WLR. Application of the WLR should therefore partially correct for metallicity variations, but with a residual error due to the different slope and normalization of the WLR at different metallicity. For extreme metallicity variations (from 0.3 to 3.0 times the solar value), this effect can lead to errors in the inferred distance to the supernova as large as 4%. The actual metallicity evolution over the range probed by cosmology experiments is much smaller than this, and we estimate that systematic errors in distance will probably be less than 2%.
The models suggest that a substantial amount of the scatter in the observed WLR arises from the random substructures and viewingangle effects that are predicted by simulations of multi-dimensional explosions. In cosmological standard candle applications, these observed type Ia supernovae by ,7%, probably due to the approximate treatment of non-local thermodynamic equilibrium effects. In observational studies, these two relations are usually fitted jointly as:
, where s is a stretch parameter, (B 2 V) Bmax is the colour measured at the light curve peak, and M B,0 is the fitted B-band magnitude of a s 5 1 supernova. We take the colour of a fiducial supernova, (B 2 V) 0 5 0, and determine stretch using the firstorder relation s 5 1 2 (DM 15 LETTERS translate to easily reducible statistical errors. On the other hand, additional diversity arises from variations in metallicity and other properties of the progenitor star (for example, carbon/oxygen ratio, central density, rotation), which may introduce a source of systematic error. Simulation offers one means to test how such variations influence the supernova light curve; for future dark-energy experiments, this will help to anticipate and limit errors arising from a shift in progenitor demographics over cosmic time.
